At low redshifts, deviations of the measured luminosity distance from the background FRW universe can be attributed to peculiar velocities of galaxies. Via observing the cosmic standard candles, this is one of the conventional ways to estimate peculiar velocities. However, at intermediate redshifts (z > 0.5), deviations from the background FRW model are not uniquely governed by peculiar velocities. Luminosity distances are modified by gravitational lensing which affects the light trajectories. Hence using the conventional peculiar velocity method will result in an overestimate of the measured peculiar velocities at intermediate redshifts. Here we quantify this effect and show that although present data are still incapable of extracting any lensing effect on distance measurement and peculiar velocity estimation, this effect will however be significant for future large-scale structure surveys.
I. INTRODUCTION
The propagation of the light from standard candles, such as supernovae Type Ia (SNeIa), from the source to the observer is of greatest interest for cosmology. On one hand, standard candles are used to measure the rate of the expansion of the universe [1, 2] . On the the other hand, the amount of light bundle distortion of the source is used to measure the gravitational effect of the matter distribution along the line of sight to learn about the distribution and evolution of the matter [3] . Another phenomenon which has an important effect on the measurement of the magnitude change of the standard candles is peculiar velocities [4] . The host galaxies of standard candles has an additional velocity beside the Hubble expansion velocity. Although the existence of peculiar velocity makes the distance measurement ambiguous, it is used as a promising tool to probe the matter distribution. The peculiar velocity of galaxies can be used as a tracer of the dark matter distribution in the Universe. As future large-scale structure surveys will open up a great opportunity to map the Universe on larger scales and at deeper redshifts, peculiar velocity measurements, lensing maps of the universe and distance measurements of standard candles become progressively more important [5] . They can be used as a probe to check the standard model of cosmology [6] or to see any deviations from ΛCDM [7] . Accordingly, the accurate measurement of these quantities, their hidden relations and their model dependencies have great importance. Historically, the peculiar velocities are obtained by the relation v p = cz − Hr, where v p is the peculiar velocity, z is the observed redshift, H is the value of Hubble parameter and r is the physical distance to the source respectively.v = Hr is the veloc-ity of the Hubble flow [8] [9] [10] [11] [12] [13] [14] [15] . Using the peculiar velocity relation v p = cz − Hr, one measures the distances to the sources and having the observed redshifts, the peculiar velocity can be deduced. However, distance measurement is a non-trivial exercise and there are many different methods to do this. The Tully-Fisher relation for spirals [16] , surface brightness fluctuations [17] , the FaberJackson relation for elliptical galaxies [18] , the tip of the Red Giant Branch, Cepheids, and SNe Ia are the most developed methods to measure the distances [19] . In this work, first we reexamine the distance measurements in a clumpy universe by accounting for the lensing, SachsWolfe and Integrated Sachs-Wolfe effects [20] . Then we demonstrate the relativistic approach to measuring peculiar velocities similar to that in [21] , and finally we take into account both relativistic corrections and lensing corrections to distance measurements. The lensing corrections studied vastly in literature [22] [23] [24] [25] . In this work, we show that the distance measurement methods which assume that the observed distance to a host galaxy is equal to its proper distance are all biased. This bias comes from the fact that deviation from unperturbed FRW Universe is not considered in distance measurement. In another way, the over/under dense regions in the line of sight affect the luminosity of the standard candle. Finally, we argue that other methods, like peculiar velocity measurements by redshift-space distortions, linear theory or kinetic Sunyaev-Zeldovich effect are more unbiased observation to find the peculiar velocity. Although with the nowadays data, we currently have larger errors using these methods [26] . However the results of this study will be important to be applied in future LSS surveys, which probe the Universe in higher redshifts, where the unbiased measurement of the distances become important.
II. LUMINOSITY DISTANCE
In a homogenous-isotropic universe with FRW metric:
where
is the spatial line element and f K is:
where χ is the comoving distance. We can measure the cosmological parameters with distance measurements of standard candles such as SNe Ia. The luminosity distance d L is defined as the ratio of the absolute luminosity L s of the source to the observed flux F, by:
The luminosity distance in the flat-FRW model is related to comoving distance by:
whered L (z) is the background (unperturbed) luminosity distance described by a cosmological model at background (or comoving) redshiftz. The background luminosity distance is related to the distance modulus by:
where m and M are the apparent and absolute magnitudes of a standard candle (such as SNe Ia) and in this case d L is measured in Mpc units and µ can be interpreted as a distance indicator (amount of magnitude change), interchangeably.
In the first subsection, we study the distance measurement case, in a clumpy universe with no peculiar velocities. In the second subsection, we study the case of unperturbed Universe with the inclusion of peculiar velocity in relativistic manner and finally in the third subsection we study both the effect of peculiar velocity and convergence on the luminosity distance measerement.
A. Luminosity distance in a clumpy universe with zero peculiar velocities
The Universe is not exactly FRW. The cosmic structures include over-dense (galaxies, groups and clusters of galaxies) and under-dense regions (voids) . Hence, we should consider a perturbed metric for the clumpy Universe in order to investigate the propagation of light through voids and overdense regions. We use the perturbed FRW-metric:
where Ψ( x, t) and Φ( x, t) are the perturbed scalars in the Newtonian gauge. In general relativity (GR), we have Ψ = Φ. Now, solving the Sachs equation for propagation of the light bundle in the perturbed FRW metric, the angular diameter distance d A will change by gravitational lensing and the Sachs-Wolfe effect caused by structures along the line of sight. Accordingly, for metric theories of gravity with
where d L (z) is the observed luminosity distance at comoving redshiftz. The κ g is the gravitational lensing correction [3] . κ SW and κ ISW are the corrections due to the Sachs-Wolfe and Integrated Sachs-Wolfe effects [27] . We should note that gravitational lensing and SachsWolfe effect only change the source apparent magnitude and do not affect the redshift of the source. Therefore, in the absence of peculiar velocities, the observed redshift is the same as the comoving redshift: (z =z). An important example of a host galaxy with no peculiar velocity is the one that resides at the center of a cosmic void or center of a galaxy cluster (a Brightest Central Galaxy (BCG)). The gravitational convergence is given by κ g as [20] :
where χ s is the comoving distance of the source at redshiftz. The δ m is the matter density contrast of matter along the line of sight which is related to the density contrast of galaxies δ g via bias parameter b as δ g = bδ m . In this work we assume that b 1 and we use the galaxy density contrast as a fair measure of matter distribution along the line of sight. The second equation is an approximation because we exchange the 2D Laplacian with that in 3D. We use the Poisson equation to replace the Φ with density contrast δ m , where Ω m,0 is the matter density parameter in the present time. κ SW and κ ISW are the corrections due to the Sachs-Wolfe and Integrated Sachs-Wolfe effects:
where Φ s and Φ o are the gravitational potential of the source and observer respectively and is the derivative with respect to conformal time. One important point to indicate here is that we correct our (observer) peculiar velocity with respect to the CMB frame. One can show that for low and intermediate redshifts, the Sachs-Wolfe effect and the integrated Sachs-Wolfe effect are negligible quantities. This is because the gravitational lensing term is proportional to density contrast δ m , while the SW and ISW effects are related to the gravitational potential. Using the Poisson equation one can show that δ/Φ ∝ (k/H) 2 , where k is the wavenumber of the structure. Accordingly, that is why the perturbed FRW approximation works, where we can have non linear over-densities while the gravitational potential remains in linear regime. Finally the relation between the overdensity and gravitational potential, in the regime that we are probing the light propagation, permits us to neglect the SW and ISW in comparison to the lensing term. Therefore, for this range of redshifts, equation (7) can be re-written as:
Once again, in the absence of the peculiar velocities, we have z =z.
In the next subsection we will study the distance measurement from SNe Ia, whose host galaxies have a peculiar velocity but we neglect the line of sight effects.
B. Luminosity distance with peculiar velocity and no line-of-sight effects
At very low redshifts (z < 0.15), the line-of-sight effects do not significantly affect the light bundle of the standard candles. Fig.(1) shows the lensing map up to z = 0.04.The map is constructed by computing relation (9) on the density field derived from SDSS DR10 data by assuming a bias parameter equal to unity [6, 7] . As it is shown in Fig.(1) the κ g is maximally∼ 10 −3 . On the contrary, the peculiar velocities of the sources, produced by the local density contrast (as in the case of a SNIa host galaxy which resides in in-falling regions in a galaxy group ), can have a dominant effect on the luminosity distance measurement through changing the redshift from z to z. This redshift distortion can be corrected to reproduce the background model by Taylor expansion of
The non-zeroz − z is produced by the peculiar velocity of the source, v p . Using the relativistic peculiar redshift, we have: where c is the light speed. One should note that the equation above is valid for measuring any relativistic velocity. In order to formulate the v p dependence, we start with the definition of physical distance r = aχ, and we neglect the gravitational potential corrections on proper distance measurement. Consequently, the observed ve-locity in non-relativistic limit is written as:
wherev is the cosmological Hubble velocity (v = Hr) . In order to relate the peculiar velocity v p to the observed redshift z and the unperturbed cosmological redshiftz, we use the relativistic relation [21] 
which in the non-relativistic limit reduces to v cz and gives the well known but approximate relation:
where r(z) is the physical distance. There are two approximations in deriving relation (16) . Firstly, there is the non-relativistic approximation v cz. In [21] , they show that this relation introduces accountable errors even at low redshift. Secondly, in relation (14) , the velocities are added up non-relativistically which is true only for low redshifts. In order to add the velocities in the relativistic limit, we have:
Now, using the relativistic velocity-redshift relation as defined in equation (15), we find the redshift relation:
Note that z z + z p works only at low redshifts and small peculiar velocities. The important task now is to find the peculiar velocity (or equivalently the peculiar redshift z p ). By computing the derivative of equation (4) and computingz − z from equation (18), we write equation (12) 
At small peculiar redshifts z p /(1 + z p ) v.n/c wheren is the direction from observer to source. According to relation (19) , in the absence of lensing effect, an object with negative peculiar velocity (moving toward us), located at comoving distance χ(z), appears to be closer than its background luminosity distance (d L (z) <d L (z); see Fig. 3 ). Hence, the object seems to be fainter than typical objects at redshift z. Since this effect acts like (de)lensing effect, it is called Doppler lensing [20] . The conventional method to estimate the peculiar velocity is using relation (19) in distance modulus form: A standard candle, located originally at redshift z with unperturbed luminosity distancedL(z), can be measured at apparent different redshift (z), due to peculiar velocity, and different luminosity distance (DL) due to (de)lensing effect. At redshift z, we expect a standard candle to have (unperturbed) luminosity distancedL(z).
We observe the distance modulus, µ(z), of a standard candle at observed redshift z. We assume that the measured luminosity belongs to the non-distorted redshiftz and put µ(z) =μ(z) (redshift distortion does not affect the background luminosity of the source). We re-write the relation (21) as:
∆µ(z) is the luminosity deviation from the background model at the observed redshift z which is given by the observation and the background cosmological model. Hence, κ v and the peculiar velocity are computed by using equation (22) . One can show that relation (16) is the approximate version of relation (19) at low redshifts. In Fig. 2 , the solid curve demonstrates relation (22) . The distance modulus of the data points are given by Union 2 SNe Ia catalog for z < 0.15.μ is computed for Ω m =0.28, Ω Λ =0.72 and H 0 =69 km/s/Mpc. The colored circles represent κ v computed from relation (16) . The approximation fails as redshifts get larger. The small panel shows peculiar velocities for the same data computed relativistically from relation (22) . Comparing κ g and κ v values in Figs. 1 and 2 shows that at low redshift the lensing effect is subdominant and the deviation from the background model is caused mainly by the peculiar velocities (see relation (23)). C. Luminosity distance with peculiar velocity in a clumpy universe
Consider an unperturbed FRW Universe where the luminosity distances of the celestial objects are described by equation (4) . The existence of voids and clumps can perturb equation (4) in two ways: 1. The lensing effect of line-of-sight structures keeps the the comoving redshift unchanged and changes the source background luminosity, through relation (11). 2. The peculiar velocity, induced locally by neighboring structures of the host galaxy, keeps the (de)lensed luminosity unchanged and perturbs the comoving redshift fromz to z (Doppler lensing) through relation (19) . These effects are schematically shown in Fig. 3 . Consider an object located at comoving redshiftz with background luminosity distanced L (z). We observe the same object at redshift z and luminosity distance D L (z). Equation (11) gives the magnification of the background luminosity. From Fig. 3 , we have D L (z) = d L (z) (lensing is the only cause of (de)magnifying the background luminosity). Substitution into Eq. (19) gives:
where we have neglected κ v κ g term. To compute the peculiar redshift from equation (23), we need to assume that κ g (z) κ g (z) which is reasonable at intermediate redshifts. We now have all the elements to compute the peculiar velocity at the observed redshift z:
For κ g = 0, we arrive at equation (22) where µ(z) = 5 log D L (z) + 25. Measuring the peculiar redshift from the observed D L (z) (or µ(z)) by the method described in the previous section ( Eq. (22)) will obviously overestimate the peculiar velocity. This is because by assuming µ(z) =μ(z), we are attributing all of the deviation from the Hubble diagram to redshift-space distortion, neglecting the gravitational (de)lensing. Moreover, by increasing the observed redshift, |z −z| increases and the approximation (12) is not valid anymore. At redshiftz ∼ 1, a convergence factor κ g ∼ 0.1 can induce luminosity fluctuation |∆µ| ∼ 0.2. If we neglect the lensing effect and compute the peculiar velocity through Eq. (22) with ∆µ =0.2, we end up with v p ∼ 10,000 km/s which is unrealistic. Although we do not have yet access to the convergence map at the higher redshifts, we can examine the contribution of the κ g exclusion factor on the peculiar velocity as an over-estimation. We assume SNe Ia as standard candles and use the union 2 catalog to compute the peculiar velocities of the SNe host galaxies up to redshift 1.4 neglecting the convergence. Figure 4 shows the computed peculiar velocity versus redshift for SNe Ia from Union 2 catalog. The lensing effect is neglected and the velocities are computed from relations (22) , (20) and (13) . As can be seen, the velocities increase dramatically with z. Unfortunately, based on the current precision of the luminosity measurement of SNe Ia, we can not assign the observed velocity excess to the lensing effect confidently. Figure 5 shows the peculiar velocities computed by including only the uncertainties of distance moduli. This means in relation (22), we replaced ∆µ(z) by the error bar of the SN distance modulus and computed the corresponding peculiar velocity. As can be seen, both figures 4 and 5 show the same trends. This is equivalent to say that the uncertainties on SNe Ia luminosity are still large-enough that the deviations from the background (ΛCDM) model are not statistically significant.
III. CONCLUSION AND FUTURE PROSPECTS
Considering the FRW metric and the ΛCDM model, one can obtain the luminosity distance as a function of the comoving redshift. At low redshifts, the deviation of the observed luminosity distance from the model prediction is attributed to the source peculiar velocity induced by local structures around the source. The peculiar velocity is obtained by computing the amount of difference in the luminosity distance in the ΛCDM model. However, as we approach intermediate redshifts, the lensing effect of the line-of-sight structures gets stronger. The deviations in the luminosity distance from the model, caused by gravitational convergence, become comparable to the effect of peculiar velocities. Therefore, to compute the peculiar velocity, one should firstly correct the luminosity distance for the (de)lensing effect. In general, the computation of the peculiar velocities depends on the cosmological model. Using less model-dependent methods, such as linear theory, can help us to derive the peculiar velocity by considering the matter distribution around the source. Such methods lead us to reexamine the cosmological models according to model predictions for the peculiar velocities (see the companion papers [6, 7] ). Another important point to indicate is that the method introduced in [6, 7] and used in this work for the convergence calculation is a direct method which uses the void catalog obtained from LSS surveys (i.e. SDSS). This method traces the line of sight matter distribution through luminous matter and consequently introduce an ambiguity due to bias parameter estimation. In this work we assume a bias of unity. Finally, in this work we show that with the present data we can not extract the effect of peculiar velocity due to low statistics and large systematic errors. However including the effect of cosmic convergence on peculiar velocities is crucial for future surveys (such as LSST [28] and Euclid [29] ). These surveys will map cosmic structures up to intermediate redshifts where gravitational lensing plays an important role.
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